All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Epicuticular long-chain hydrocarbons (cuticular hydrocarbons = CHCs) form the outermost barrier of many terrestrial insects and are relevant for the interactions between animals and their environment, e.g. as waterproofing agents against water loss \[[@pone.0175001.ref001]--[@pone.0175001.ref003]\] or in chemical communication \[[@pone.0175001.ref004]\]. In this context, cuticular hydrocarbons serve e.g. as sex/gender recognition pheromones, kairomones, species recognition cues, interspecies recognition cues or as cues for chemical mimicry \[[@pone.0175001.ref005]--[@pone.0175001.ref009]\]. Hence, CHCs are effected by selection arising from both functions \[[@pone.0175001.ref010]\]. Furthermore, hydrocarbons are also present on the cuticle of several other terrestrial arthropods, presumably having similar functions in communication and waterproofing \[[@pone.0175001.ref011], [@pone.0175001.ref012]\]. The function of CHCs as a protective barrier against water loss has been hypothesized, but only partly experimentally proven \[[@pone.0175001.ref002], [@pone.0175001.ref013]--[@pone.0175001.ref015]\]. These predictions based on the fact that long-chain hydrocarbons are extremely hydrophobic and do not interact with water \[[@pone.0175001.ref016]\]. Thus CHCs are thought to be a preadaptation of arthropods to invade terrestrial ecosystems \[[@pone.0175001.ref017]\]. The epicuticular layer is composed of wax esters, fatty acids, sterols, long-chain alcohols and the actual CHCs which are hydrocarbons with a chain length of \>21 carbon atoms in the molecular backbone \[[@pone.0175001.ref004], [@pone.0175001.ref018], [@pone.0175001.ref019]\]. The composition is characteristic for different functions of CHCs in protective as well as communicative contexts. In chemical communication, even small compositional differences can cause an entire change of the message and the behavioral response \[[@pone.0175001.ref004]\]. Regarding CHCs as protective barriers against water loss, a compositional change can lead to different physical properties of the surface lipids, which alters ecophysiological responses \[[@pone.0175001.ref013], [@pone.0175001.ref014], [@pone.0175001.ref020], [@pone.0175001.ref021]\]. Furthermore, there is growing evidence that different water loss rates in arthropods could be explained by the amount of CHCs \[[@pone.0175001.ref021]--[@pone.0175001.ref024]\]. Most of these studies, however, only focused on model species rather than providing comparative studies across species and taxa. In comparative context, three different mechanisms may explain the relationship of CHCs and water loss; the total amount of CHCs, the CHC composition (i.e. the proportion of alkanes, branched alkanes and alkenes), or a combination of both \[[@pone.0175001.ref016], [@pone.0175001.ref020]--[@pone.0175001.ref023]\].

Here we focus on the amount of CHCs of insects to explain the relationship of CHCs and water loss, but also include other general structural parameters as body size (using the surface area, the surface area---volume ratio and the shape), which influences this relationship \[[@pone.0175001.ref025]\]. We used a diverse community of flower visitors (including the three orders Diptera, Hymenoptera and Lepidoptera) as a model system to comparatively investigate their surface areas, surface area---volume ratios and the CHC amounts. We specifically ask whether there is a taxon-specific relationship of CHC amount and surface-area to volume ratio with a potential effect on water loss. Since smaller insects with higher surface area---volume ratios loose more water compared to larger species with lower surface area---volume ratios \[[@pone.0175001.ref025]\], we hypothesize that these smaller insects should generally have a higher CHC density (= amount of CHCs per surface area) to avoid desiccation.

Materials and methods {#sec002}
=====================

Insect sampling {#sec003}
---------------

Animals were collected from May to September 2013 on two grassland sites around Darmstadt (Hesse) in southwest Germany. The main study site "Streit-Gewann" (Griesheim: 49°50\'43\'\'N, 8°33\'57\'\'E) was a sandy grassland plot surrounded by crop fields and inland dunes \[[@pone.0175001.ref026]\]. Additionally, specimens were collected on a meadow on the "Campus Lichtwiese" (Darmstadt: 49°51\'44\'\'N, 8°\'40\'36\'\'E). Insects sitting on flowers were caught with a net and directly transferred into vials sealed with foam material. Insects were killed in the freezer at --18°C and stored there for further analyses. Since all insects were collected sitting/foraging on flowers we refer to them as "flower visitors" in this study. No protected areas were involved; permission for insect sampling was issued by regional authorities (UNB Landkreis Darmstadt-Dieburg).

Cuticular hydrocarbon analyses {#sec004}
------------------------------

Cuticular hydrocarbons (CHCs) of 113 species (n = 375 individuals) were chemically analyzed and their CHC amounts were quantified. We extracted CHCs from the body surface of the insects by submersing the specimens in n-hexane (98% purity for gas-chromatography, Fam. Merck, Germany) at 17°C for 10 minutes. After this time hexane extracts were soaked up with a glass pipette, transferred to a new GC glass vial and the solvent was evaporated under gentle nitrogen gas flow until dryness. Depending on the insect size to adjust the concentration, residuals were subsequently dissolved in 100 to 3000 μl n-hexane (details see [S1 Data](#pone.0175001.s002){ref-type="supplementary-material"}) containing hexadecane (β = 15 ng/μl; ≥99.8%, analytical standard, purchased from Sigma-Aldrich, Germany) as an internal standard. We analyzed the samples with a QP 2010ultra GC-MS (Shimadzu, Japan). The gas chromatograph (GC) was equipped with a ZB-5MS fused silica capillary column (30 m x 0.25 mm ID, df = 0.25 μm) from Phenomenex (USA). 1 μl sample aliquots were injected by using an AOC-20i autosampler-system from Shimadzu into a split/splitless-injector, which operated in splitless-mode. Injection temperature and pressure were set to 310°C and 250 kPa, respectively, sampling-time was 2 minutes. Hydrogen was used as carrier-gas with a constant flow rate of 1.1 ml/min. The temperature of the GC oven was raised from initial 60°C for 1 min, to 250°C with a heating-rate of 20°C/min, to 320°C with a heating-rate of 5°C/min and then an isothermal hold at 320°C for 5 min. Electron ionization mass spectra were recorded at 70 eV with a scan rate of 2 scans/sec from m/z 40 to 650. The ion source of the mass spectrometer and the transfer line were kept at 280°C and 325°C, respectively.

Surface measurements {#sec005}
--------------------

After the n-hexane extraction all specimens were identified to species level, if possible. Subsequently we dried the insects until weight constancy for at least 4 days at 60°C and determined their dry weight using a microbalance (Mettler Toledo, XS3DU, readability 0.1 μg and 1 μg repeatability). The surface areas were calculated using [Eq 1](#pone.0175001.e001){ref-type="disp-formula"}; values with index L are taken from (see \[[@pone.0175001.ref025]\] and [S1 Data](#pone.0175001.s002){ref-type="supplementary-material"}) and values with index E are measured in this study; based on the specimens´ dry weight. Extremely hairy species (e.g. species of the genus *Bombus*) were shaved with a soldering-iron. We used literature data of the same species or from the same genus, if we were not able to determine the individuals to species level. A modified structured light scanner as described in \[[@pone.0175001.ref025]\] was used for 3D imaging. Briefly: a beamer and a camera were installed on a stand with fixed positions. The mounted insects were fixed in a tap holder on a step-motor. 24 scans were taken from each insect (15° rotation angle for each scan) and were fused to generate a point cloud which was finally meshed to a 3D-surface. Surface areas and volumes were measured in amira 4.0.1 (FEI Visualization Sciences Group, USA), and all the measures are listed in the [S1 Data](#pone.0175001.s002){ref-type="supplementary-material"}.
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Data processing and statistical analysis {#sec006}
----------------------------------------

Shimadzu GC-MS Postrun Analysis (v. 2.71) was used for the evaluation of chromatographic data. We included all unpolar, acyclic cuticular hydrocarbons (i.e. alkenes, methyl-branched alkanes, n-alkanes) with proportions \> 1% of the total blend and chain lengths \>C21 for our analyses, since only these compounds could be identified and are considered as CHCs \[[@pone.0175001.ref027]\]. We analyzed the bulk CHCs per individual, i.e. we check all peaks in all chromatograms and only integrated those with n-alkane/branched-alkane or alkene diagnostic ions (*m/z* = 43, 57, 71, 85, 99 or *m/z* = 41, 55, 69, 83, 97, respectively). In the range of relevant concentrations, the responses of the alkane standard relative to hexadecane were determined by a dilution and turned out to be close to 1, allowing an approximation of CHCs in ng as given in [Eq 2](#pone.0175001.e002){ref-type="disp-formula"} (with β as mass concentration of the internal standard, V~s~ as total sample volume, DW as dry weight and SA as surface area). The absolute amount of CHCs was divided by the dry weight (mg) or the surface area (mm^2^) to describe the relative amount of CHCs per body mass (ng/mg) and the CHC density (ng/mm^2^), respectively.
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We statistically analyzed the CHC amount per dry weight and per surface area using ANOVA and TukeyHSD \[[@pone.0175001.ref028]\] post-hoc test. We checked for normal distribution of residuals and the homogeneity of variance and transformed the data where necessary (CHCs per dry weight was square root-transformed; CHCs per surface area was log-transformed). Furthermore, we used simple linear models and ANOVA to analyze the relationship of the CHC amount per surface area, the relationship of the insect order and the surface area-volume ratio, as well as the relationship of the surface area, the insect order and body mass. The dependent variables were square root-transformed (CHCs per surface area) or log-transformed (surface area) to meet constant error variance and normality of the residuals. We used the mean values of the species for all analyses to avoid pseudoreplication, so the different species (n = 113) were considered as replicates. All statistics were performed with R \[[@pone.0175001.ref029]\].

Results {#sec007}
=======

Overall, we collected 375 specimens representing 113 flower visiting insect species of three different orders, namely, Diptera (n = 54 species and 136 specimen), Hymenoptera (n = 33 species and 159 specimen) and Lepidoptera (n = 26 species and 80 specimen).

The surface area of the insects increased with a 2/3 power term over body mass (overall linear model, two-way ANOVA: F~5,107~ = 124, R^2^ = 0.85, P \< 0.001, [Table 1](#pone.0175001.t001){ref-type="table"}, [Fig 1A](#pone.0175001.g001){ref-type="fig"}). However, the significant interaction of the linear model ([Table 1](#pone.0175001.t001){ref-type="table"}) revealed an order-specific increase of the surface area with body mass^2/3^. Furthermore, the surface area \[mm^2^\] varied among the insect orders (One-way ANOVA: F~2,110~ = 13.47; P \< 0.001, [Fig 1B](#pone.0175001.g001){ref-type="fig"}). Generally, hymenopterans had a larger surface area (mean = 235±168 mm^2^) and higher value-range than dipterans (mean = 100±77 mm^2^) and lepidopterans (mean = 135±76 mm^2^ ([Table 2](#pone.0175001.t002){ref-type="table"} and [Fig 1B](#pone.0175001.g001){ref-type="fig"}).

![Surface areas of three different orders of flower-visiting insects.\
(A) Body mass prediction of surface area in three insect orders Diptera, Hymenoptera and Lepidoptera. Colored transparent areas represent 95% confidence intervals. (B) Surface area across the three insect orders (n = 113 species). Letters indicate homogenous groups (TukeyHSD).](pone.0175001.g001){#pone.0175001.g001}

10.1371/journal.pone.0175001.t001

###### How body mass predicts the insects' surface.

The effect of insect order and body mass^2/3^ (mg) on the surface area (mm^2^) across 113 species of insects. The surface area was log-transformed before the analysis. Significant predictors (P \< 0.05) in bold.

![](pone.0175001.t001){#pone.0175001.t001g}

                                df    F        P
  ----------------------------- ----- -------- --------------
  order                         2     63.16    **\< 0.001**
  body mass^2/3^ (mg)           1     455.26   **\< 0.001**
  order x body mass^2/3^ (mg)   2     19.25    **\< 0.001**
  residuals                     107            

10.1371/journal.pone.0175001.t002

###### Surface area and cuticular hydrocarbon characteristics of insects.

Results of pairwise comparisons among the different insect orders. Significant comparisons (TukeyHSD, P \< 0.05) in bold. Hym = Hymenoptera, Dip = Diptera, Lep = Lepidoptera.

![](pone.0175001.t002){#pone.0175001.t002g}

                             Hym-Dip        Hym-Lep        Dip-Lep
  -------------------------- -------------- -------------- --------------
  I---surface area (mm^2^)   **\< 0.001**   **0.02**       0.18
  II---CHC/DW (ng/mg)        **0.043**      **\< 0.001**   **\< 0.001**
  III---CHC/SA (ng/mm^2^)    **\< 0.001**   **\< 0.001**   0.33

The amount of CHCs, standardized by the insect's dry weight (ng/mg), varied among the flower-visiting insect orders (One-way ANOVA: F~2,110~ = 15.99; P \< 0.001, [Fig 2A](#pone.0175001.g002){ref-type="fig"}). The mean amount of CHCs in Hymenoptera (2074±1098 ng/mg) was about 1.5 times higher than in Diptera (1590±1380 ng/mg) and even three times higher than Lepidoptera (634±311 ng/mg) ([Table 2](#pone.0175001.t002){ref-type="table"} and [Fig 2A](#pone.0175001.g002){ref-type="fig"}). The CHC density (ng/mm^2^) was also significantly different among the three orders (One-way ANOVA: F~2,110~ = 27.40; P \< 0.001, [Fig 2B](#pone.0175001.g002){ref-type="fig"}). Again, the CHC density in hymenopterans (181±87 ng/mm^2^) was more than twice that of dipterans (87±62 ng/ mm^2^) and about three times higher than in lepidopterans (64±39 ng/ mm^2^), whereas the densities in the latter two were not significantly different from each other ([Table 2](#pone.0175001.t002){ref-type="table"} and [Fig 2B](#pone.0175001.g002){ref-type="fig"}).

![Quantitative variation of CHCs among flower visitors.\
Cuticular hydrocarbons per dry weight (A) and per surface area (B), across three insect orders (n = 113 species). Letters indicate homogenous groups (TukeyHSD).](pone.0175001.g002){#pone.0175001.g002}

The CHC density per surface area (ng/mm^2^) of the different flower visitors significantly decreased with their surface area-volume rate (mm^-1^) (overall linear model, two-way ANOVA: F~5,107~ = 14.4, R^2^ = 0.40, P \< 0.001, [Table 3](#pone.0175001.t003){ref-type="table"}, [Fig 3A](#pone.0175001.g003){ref-type="fig"}). However, the significant interaction of the linear model ([Table 3](#pone.0175001.t003){ref-type="table"}) revealed an order-specific decrease of CHC density with increasing surface area-volume ratio. This relationship was only significant for Hymenoptera (F~1,31~ = 13.2, R^2^ = 0.30, P \< 0.001; [Fig 3B](#pone.0175001.g003){ref-type="fig"}), but not for Lepidoptera (F~1,24~ = 0.2, R^2^\< 0.01, P = 0.63; [Fig 3C](#pone.0175001.g003){ref-type="fig"}) or Diptera (F~1,52~\< 0.1, R^2^\< 0.01, P = 0.88; [Fig 3D](#pone.0175001.g003){ref-type="fig"}). The same trends were also found for the relationship of CHC density per surface area (ng/mm^2^) and body mass (mg) for the three orders (see [S1 File](#pone.0175001.s001){ref-type="supplementary-material"}): Hymenoptera (F~1,31~ = 7.6, R^2^ = 0.18, P \< 0.001), Lepidoptera (F~1,24~ = 2.7, R^2^ = 0.10, P = 0.11) and Diptera (F~1,52~ = 1.1, R^2^\< 0.01, P = 0.30).

![The relationship between surface-area volume ratios and CHC density.\
Surface area-volume ratio predictions of cuticular hydrocarbon density of all flower visitor species (A), Hymenoptera (B), Lepidoptera (C) and Diptera (D). Colored transparent areas represent 95% confidence intervals. \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001.](pone.0175001.g003){#pone.0175001.g003}

10.1371/journal.pone.0175001.t003

###### How surface-area volume ratio predicts the CHC density of flower visitors.

The effect of insect order and surface area-volume ratio (mm^-1^) on the cuticular hydrocarbon surface density (ng/ mm^2^). CHC density was sqrt-transformed before analysis. Significant predictors (P \< 0.05) in bold.

![](pone.0175001.t003){#pone.0175001.t003g}

                                   df    F       P
  -------------------------------- ----- ------- --------------
  order                            2     27.17   **\< 0.001**
  surface/volume (m^-1^)           1     4.46    **0.037**
  order x surface/volume (m^-1^)   2     6.58    **0.002**
  residuals                        107           

Discussion {#sec008}
==========

Cuticular hydrocarbons (CHCs) of the three insect taxa differ in their amounts per body mass and surface area ([Fig 2](#pone.0175001.g002){ref-type="fig"}, [Table 2](#pone.0175001.t002){ref-type="table"}). Furthermore, the CHC amount per surface area (= CHC density) can be explained with the insects' surface area-volume ratio in Hymenoptera, but not in Diptera and Lepidoptera ([Fig 3](#pone.0175001.g003){ref-type="fig"}, [Table 3](#pone.0175001.t003){ref-type="table"}). Such CHCs are potentially relevant functional species traits---here represented by active, exposed foraging adults of flower visiting insects---which shape the animals' responses to environmental conditions such as thermal resilience, alternated phenology, land-use and disturbance or elevation \[[@pone.0175001.ref030]--[@pone.0175001.ref035]\].

The surface area of any object increases isometrically (with power 2/3) with its body volume or mass ([Fig 1A](#pone.0175001.g001){ref-type="fig"}), and allometrically with variable shape. The surface of the cuticle is functionally important for interactions of animals with their environment and may therefore be crucial for the animal's ecophysiological responses \[[@pone.0175001.ref025], [@pone.0175001.ref036], [@pone.0175001.ref037]\]. Some studies \[[@pone.0175001.ref008], [@pone.0175001.ref038]\] thus used geometric approximations of the insects' surfaces. Here we used direct surface measurements of the flower visitors ([Fig 1B](#pone.0175001.g001){ref-type="fig"}) using a modified structured light 3D scanner \[[@pone.0175001.ref025]\] and were therefore able to calculate the CHC density per surface area \[ng/mm^2^\].

The CHC density per body mass or per surface area was highest in Hymenoptera ([Fig 2](#pone.0175001.g002){ref-type="fig"}), an insect order which is known for their high degree of sociality and therefore frequent communication via cuticular compounds \[[@pone.0175001.ref039], [@pone.0175001.ref040]\], while Diptera and Lepidoptera seem to invest less resources (per body mass) to build up their CHCs. This difference between orders was even more pronounced in the CHC density (compare [Fig 2A and 2B](#pone.0175001.g002){ref-type="fig"}). For some Hymenoptera, namely bumblebees (Apidae, *Bombus*), the CHC density is particularly high, and substantial amounts are left as chemical CHCs footprints on flowers after each visit \[[@pone.0175001.ref041]\]. The higher density of CHCs in some dipterans compared to lepidopterans (not significant given the high variance of CHC density among dipterans, [Fig 2B](#pone.0175001.g002){ref-type="fig"}) may derive from the importance of such hydrocarbons as abundant sex pheromones in some flies \[[@pone.0175001.ref042]\], whereas lepidopterans use polyunsaturated hydrocarbons and other compound classes for chemical signaling \[[@pone.0175001.ref043], [@pone.0175001.ref044]\]. From a methodological point of view, our results ([Fig 2A and 2B](#pone.0175001.g002){ref-type="fig"}; [Table 2](#pone.0175001.t002){ref-type="table"}) demonstrate the difference between simple body mass standardization versus the use of actual surface area to calculate the CHC densities. The fact that insects of different orders have different shapes, e.g. sphericity \[[@pone.0175001.ref025]\] strongly contribute to these differences. Hence, the commonly used body mass standardization (see e.g., \[[@pone.0175001.ref037], [@pone.0175001.ref045]--[@pone.0175001.ref047]\] for some examples in ecology; see also \[[@pone.0175001.ref048]\] for one of the few examples in chemical ecology) may not be a suitable approximation. A standardization by body mass (dry weight) may be appropriate to describe the relative resource allocation of an insect to its chemical substances on the cuticle, but it may not be ideal to allow conclusions about the importance of surface area. Thus, we suggest that the CHC density per surface area could be included as functional trait in future studies, particularly for environmental responses such as thermal resilience, but maybe also to study the degree of social integration in mimicry-systems such as acquired chemical mimicry in myrmecophiles and their host ants \[[@pone.0175001.ref008], [@pone.0175001.ref038]\].

Since smaller insects have a higher surface area---volume ratio (see also [Fig 1](#pone.0175001.g001){ref-type="fig"}), predicted by the geometric square-cube law \[[@pone.0175001.ref049]\] and confirmed by surface measurements on insects \[[@pone.0175001.ref025]\], smaller species typically lose more water than larger ones. Hence, to protect the insect from water loss, we expected to find a higher CHC density per surface area \[ng/mm^2^\] in smaller insects. Surprisingly, we found the opposite trend for Hymenoptera and no trend for Lepidoptera and Diptera ([Fig 3](#pone.0175001.g003){ref-type="fig"}). The huge variation (and low *R*^2^ values of the CHC density relationship with surface area---volume ratio) indicates that species are highly idiosyncratic even within each taxon. This finding is inconsistent with the experimental evidence for a quantitative effect of CHCs on water loss, which were however based on experiments with a few model species only \[[@pone.0175001.ref021], [@pone.0175001.ref022]\]. Thus, CHC amount/density does not seem to be a general, singular predictor of physical properties of the epicuticle across species and taxa (see also \[[@pone.0175001.ref015]\]). Compositional aspects of CHC in insects which have been intensively studied focusing on general ecology and evolution \[[@pone.0175001.ref039], [@pone.0175001.ref050]--[@pone.0175001.ref053]\] seem to be crucial, and overall compositional differences in CHC may influence the insects' ecophysiological responses like water loss \[[@pone.0175001.ref004], [@pone.0175001.ref020], [@pone.0175001.ref021]\]. Recently, Menzel et al. \[[@pone.0175001.ref054]\] showed that the evolutionary patterns of CHC composition on a global scale are influenced by regional climatic conditions. However, the precise contribution of CHC composition to water loss prevention is not fully understood. There is some evidence that composition (e.g. higher proportion of alkenes) influences the water permeability of insect cuticles (reviewed by \[[@pone.0175001.ref002], [@pone.0175001.ref015]\]; see also \[[@pone.0175001.ref054]\]), but the predictions of water loss based on a multicomponent system like insect epicuticular hydrocarbons remain uncertain \[[@pone.0175001.ref013], [@pone.0175001.ref014]\], and most probably a taxon-specific combination of CHC quality and quantity may be required to allow a better prediction of variation in water loss in insects.

Supporting information {#sec009}
======================

###### How CHC per surface area are predicted by order and body mass.

(DOCX)

###### 

Click here for additional data file.

###### The file summarizes all the relevant data that have been used in the statistical analyses.

(PDF)

###### 

Click here for additional data file.
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